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Abstract

1. Expected fast localization performance by current network
with a hierarchical approach using existing low-latency infrastructure
* In heterogeneous HLV-, HLK- and HLVK-network
* If V (K) sensitivity > 0.2 (0.28) of LIGO,
the hierarchical approach improves the localization performance,
In the heterogeneous network using existing low-latency pipeline.

2. Local control system for KAGRA full Type-A suspension
aiming more robust interferometer operation
* T've confirmed the control system satisfied the requirements
for acquiring interferometer lock.
* This is the first time to control the KAGRA full Type-A suspension.
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Thesis contents | My main research|
1. Introduction

[ 2. Benefit of adding detectors to the observation network ]

3. Low frequency vibration isolation
4. KAGRA seismic attenuation system

5. Suspension control design
6. Performance test of local control for KAGRA Type-A suspension

/. Summary
- Fast localization simulation with current network
- Type-A suspension controls toward lock acquisition
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Introduction for my research topic:

Gravitational waves

The sources

Detector, detection and source localization
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Gravitational wave (GW):

Plus mode

Cross mode

y
z 1
X /

2 polarizations

> Time

Accelerated objects
generate GWSs.
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Promising sources of GW:

'.Compact T s Core- collapse »
~Binary: - S g AA
-.«‘Coalescencex W gy

LIGO/T. Pyle

(And more..)
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From CBC, GWs are detected:
Binary Black Hole , . * First BBH detection (2015)

 ARRREOREn s TR

- New field of astrophysics

Lightcurve from Fermi/GBM (50 — 300 keV)

* First BNS detection &
EM-follow up (2017)
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Gravitational-wave time-frequency map

From i . __* => Era of Multi-messenger
BinaryNeutron Star astronomy
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Astrophysical motivation:
’_Test of GR o o N[ e Kllonovae

Y - -
. . N
. ’ .
. ‘ f
. [ .
‘ s v
T - O
s X 3 T X
A ' * o
A 3 .
- . N .
.
-' s b
C

Neutron Star
mterlor

ﬁ

Ejecta—ISM Shock

———
a' 1
L ]
. "
.
-
*
1
+
' -
' .
. ,’
‘v__—
N

[d]‘. H : (e) (f) ( ,L-L;
) From GW
 |Hubble constant observation
bl \_ /
measurement & |.

L (deg)

PhD thesis defense on January 21st 2020, Yoshinori Fujii



Astrophysical motivation: Neutron Star
a8 Test of GR o vo [ =ueed KilONnOVae
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-> GW & EM transient observation Is important.

- EM-follow up observation iIs necessary.
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For effective EM-follow up observation

- Fast source localization

- Topic for 1st part
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GW detectors:

1) Based on Michelson  ‘SAitay i
) ‘ interferometer
AN ¢ & 2) Optical cavities
— 1 o (Fabry-Perot cavities)

km-arm 3) 3 or 4 km-arm

: | mirror
mirror t / mirror
2

s —

Laser V\. =)
Photo

: Beam ’ e
diode . s
S p | |tte r X arm‘tunnel and vacuum tubes

4) Suspended core optics ~/'Béén“w Ly
‘Splitter
- Topic for 2nd part

(Details > later)
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Analysis for GW signals:

> Matched filtering, for JELEWA
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. . By 3-detector network :
Source localization: o~

GW

SNR

—>
Time

Detector 1 Detector 2 GW17/0817/

Credit: LIGO/Virgo/NASA/Leo Singer (Milky Way image: Axel Mellinger)
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Antenna pattern of GW detector:
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Network by multiple GW detectors:
- We are now building the network.

(L1Go A

Hanford  VirgoW)

Multiple detectors will help:

0 A TORGAR * Better sky coverage

NNNRRY AN A AR PR * More precise localization

LIGO - | KAGRA| * Higher network duty cycle
Livingston LIGO  (K)
(L India (1) y
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Thesis contents | My main research|
1. Introduction

—>[ 2. Benefit of adding detectors to the observation network ]

3. Low frequency vibration isolation
4. KAGRA seismic attenuation system

5. Suspension control design
6. Performance test of local control for KAGRA Type-A suspension

/. Summary
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In heterogeneous network:

[Ex.) SNR > SNRth > detection |

Higher Middle
LIGO Hanford Virgo (V) |
—=r L - Triple (or more)

coincidences
- Hardly happens

- Not good
for EM-follow up

Livingston (L)
Higher

(At the beginning)
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Indeed (Size of localized area)

4

the real alert during O3: ol * By HL
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102
[ref] https://summary.ligo.org/~detchar/summary/03a/

90% confidence area [deg2]
[ref] https://gracedb.ligo.org/superevents/public/03/
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https://summary.ligo.org/~detchar/summary/O3a/
https://gracedb.ligo.org/superevents/public/O3/

Demanded for EM-follow up:

As an example:
* For kilonova search with BlackGEM -

9 2.7 degzl 5 min | - https://astro.ru.nl/blackgem/
(for 23rd Magnitude)

[ref] https://link.springer.com/chapter/10.1007/978-3-319-10488-1 5

By HL

For 1600 deg?, it will take ~50 hrs.

v

To complete < 9 hrs (one night)
> < 300 deg?

- More than 3 detectors necessary.
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https://astro.ru.nl/blackgem/
https://link.springer.com/chapter/10.1007/978-3-319-10488-1_5
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In heterogeneous network:

"Ex.) SNR > SNRth - detection:’

Higher Middle
LIGO Hanford __________ Virgo (V) - Not good
= coid ? e g for EM-follow up

Target.

* Set a lower threshold,
1 (L) KAGRA (K) &
vingston Lower * Avoid not too many

Higher -
(At the beginning) background triggers.
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H iera rChicaI approaCh . Higher sensitive detector .

Higher sensitivity Midd_lg . Sub network by higher = T threshold
LIGO Hanford(H) yirgo vy | SENSitive detectors find =
| candidate event. one >
template v
: | Time
”’“ 'JKI”"J"" MRAAAAMAN \\\WMM : g
; . ,4; U 1 : A
Higher sensitivity Lower * A I threshold
LIGO Livingston (L)  sensitVity: 4 aoo sansitive detectors < |
KAGRA (1) are added into network with z Ll b -‘- ‘l'
@)
1. lower SNR threshold, o :
(At the beginning) 2. same template, 2
3. a small window around
time of double \ / Time
coincidences. \ < J

Lower sensitive detector
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Hierarchical approach in fast localization

With LIGO-Virgo / LIGO-KAGRA / LIGO-Virgo-KAGRA network:

- Expected performance?

-2 Required detector sensitivity?

- Optimal SNR threshold?
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Hierarchical approach in fast localization

With LIGO-Virgo / LIGO-KAGRA / LIGO-Virgo-KAGRA network:

(Unique) Hierarchical search
with heterogeneous network

Performance by LIGO-Virgo network
> Published at Astroparticle Physics, Y. Fujil et. al. (2019)
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Calculation set up:
- 1. GW-EM pipeline (for GWs from BNS) ~

Matched filtering —— Sky map
[GW ] —> [MBTA] —>[ BAYESTAR] —> [EM ]
detector / / / telescopes
/
4 4 N\ 4 !/ I 4 1 N\
e Signal Event info: Sky map
gteutron"““ | arrival time, T
ar
\ L e e , /

2. Two LIGOs (54 Mpc-BNs range), Virgo, KAGRA ( < 54 Mpc)
- Relative sensitivities is important. _]
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Main flow:

T (MBTA|->

— Injections
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— 4. Noise
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Main flow:

(] . A

/’

Injections (humber of events: 248)
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(with LIGO antenna pattern)

detected by LIGO network in [1], and randomly selected.
[1] LIGO-P1300187
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Main flow:

— N
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— arrival, P
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Main flow: "Omit matched filtering for V/K:
CH oo ") | in order to reduce
) filtered vcomputatlonal cost. )
L data / ( T

.9[ BAYESTAR]_>

""""""""""""

(HL or HLV ..) Sky map
probability -~

-> [MBTA]-)

’ i ¢
24.8 . i | Time of arrival,
Injections ! SNR
i | Phase,
i | Noise PSD.
i_; / Instead, generate
; ! coincident trigger
rom here
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+Generating coincident triggers, doubles, triples, .. —

- In the real life,
Not all triggers are related to real GW signals.

Sometimes triggers are from noise

In order to realize this,
As an example, in LIGO-Virgo network case:

( SNR > SNRth ) and ( no noise trigger ) = HLVinjection
( SNR < SNRth ) and ( no noise trigger ) = HL

N ( noise trigger ) == HLVnoise )
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Main flow:

(¢ N\
H| Matched-
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L | data
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PhD thesis defense on January 21st 2020, Yoshinori Fujii



Making artificial V/K triggers

/ (dist. = distribution)
Noise trigger:
SNR Random number from a measured dist.
Time = Time_Lico + Random number from uniform dist.

phase Random number from uniform dist.

Injection trigger:

' SNR B i -
Time — Expected + Random nurpber_
phase from Gaussian dist.
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Main flow:
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Main flow:

Median values
for 248 events

4 Localization performance R
P
1) Accuracy
- Searched
area (deg?)
For both, 4
- | ;maller
g is
2) Precision better
- 90 % -
confidence o a N
area (deg?) :trﬁjjﬁ,
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Performance (HL): (SNR threshold for H, L = 5., 5.)

Accuracy Precision
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Performance (HLV): (SNR threshold for H, L = 5., 5.)
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Performance (HLV):
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Performance (HLV):
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Performance (HLV):

(SNR threshold for H, L = 5., 5.)

Accuracy = Precision
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Performance (HLV): (SNR threshold for H, L = 5., 5.)
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Performance (HLV): (SNR threshold for H, L, V = 5, 5, 3.5)

Accuracy Precision
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Performance (HLK): (SNR threshold for H, L, K = 5, 5, 3.5)
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Hierarchical approach by 4-detector network

Assuming that:

1. Relative sensitivity
Virgo = 0.5 * LIGO

2. SNR threshold
LIGO = 5
Virgo = 3.5

PhD thesis defense on January 21st 2020, Yoshinori Fujii



Performance (HLV):
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Performance (HLVK): (SNR threshold for H, L, V, K = 5, 5, 3.5, 3.5)
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Summary of hierarchical approach

* Required detector sensitivity (at SNR threshold 3.5):

Relative sensitivity

« HLV-network: Virgo sensitivity > 0.2 * LIGO
« HLK-network: KAGRA sensitivity > 0.28 * LIGO
« HLVK-network: KAGRA sensitivity > 0.28 * LIGO

- The hierarchical approach improves the fast localization
in the heterogeneous network, using existing
low-latency infrastructure.
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Not only fast localization,
but also higher network duty cycle - key for EM follow up

As more practical aspect,
Robust operation of fourth detector

Cannot operate Demanded for
interferometer stable operation

[0
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Thesis contents | My main research|

1. Introduction
2. Benefit of adding detectors to the observation network

—> 3. Low frequency vibration isolation
4. KAGRA seismic attenuation system

5. Suspension control design
6. Performance test of local control for KAGRA Type-A suspension

/. Summary

- Type-A suspension controls toward lock acquisition
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= To treat seismic noise

Why pendulum?

4 Seismic noise )
(Tokyo)
i | / i i
10 / . {
'ﬁ' ______ I I | '
E'_i "ﬁ:u Seismic noise
10710 bo oo Tl T - _
E .| R (KAGRA site)
E 104 | 10'8 ' |
el e
© : ' sensitivit
E‘ 10-18 R R y
- JRLET SR
1 I
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Frequency [HZ]

-
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Seismic noise attenuation 2> pendulum

— by (EX. KAGRA M\

X EE44444 E 10°

. Double .
Mirror 10 | Trlple S I S
5-stage ==
0.1 1 10

Mirror displacement X
N
(03]

Frequency [ Hz ] Y

/

BS/SRs-suspension case
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Resonance damping / Mirror Alignment 2> necessary
- Control system

Cannot operate p N Demanded for
interferometer Servo stable operation
) (7 | —
i) o
\_ /
* Damp resonances. * Freeze the mirrors
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Thesis contents | My main research|

1. Introduction
2. Benefit of adding detectors to the observation network

3. Low frequency vibration isolation
== 4, KAGRA seismic attenuation system

5. Suspension control design
6. Performance test of local control for KAGRA Type-A suspension

/. Summary

- TypeA suspension controls toward lock acquisition
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KAGRA detector

.o\‘ ’

0 AR i‘x,m wﬂ%@a\’-‘;\ N mirror
\ 1. Underground 3Kkm-arm
, mirror
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e My T source  Photo Beam
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Type-A suspension:

(i ,
Type-A SAS Type-A > The |O|19€St KAGRA
R suspension in
Type-Bp SAS
bt || oo - Upper 5 stages:
& room-temperature
From IMC L‘ﬂ/g

- Lower 4 stages:
cryogenic-temperature
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Components of room-temperature part:

g TP Inertial sensor
Actuator / Disp. sensor

\ \ / * Inverted pendulum
' (IP)

F2 & Disp. sensor
N
13.5 23 - \ [ o\ * Vertical spring filters
BF & + Actuator
BF- T \"T * BF-damping system
damping \' '\
isystem Actuator

Disp. sensor
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Components of cryogenic part:

13.9 M

I R a@

(

Blade Spring

Platform (PF)

Marionette
(MN)

Intermediate
Mass (IM)

Test Mass
(TM)

RM chain

—x

Disp. sensor &
Actuator

[ Optical Iever]

JGW-P1808219

se on January 21st 2020, Yoshinori Fujii

Inside cryostat -'

JGW-P1807766

__ Cooling

bar



Thesis contents | My main research|

e

. Introduction
2. Benefit of adding detectors to the observation network

. Low frequency vibration isolation
. KAGRA seismic attenuation system

> W

. Performance test of local control for KAGRA Type-A suspension

™

. Suspension control design ]

/. Summary

- TypeA suspension controls toward lock acquisition
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My work: Local control for full Type-A suspension

— Interferometer control

phases

S SIS S A S S A,

Res. damping Lock-acq.
= =

A A SIS S A S S A7

Observation

N\

Goal:

To construct suspension
local control system

of full Type-A to allow
interferometer locking.

* Implementation
* Performance test

PhD thesis defense on January 21st 2020, Yoshinori Fujii



My work: Local control for full Type-A suspension

— Interferometer control phases *
Goal:

S SIS S A S S A,

A A SIS S A S S A7

To construct suspension
local control system

of full Type-A to allow
interferometer locking.

Res. damping Lock-acqg. Observation
<z =

Data acg. system & digital system

: * Control system in observation
Mechanical system >>[Already done] (> futurg work)
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What is necessary for the local control
toward lock acquisition:

?fi\l,, r—(To damp resonances % (I'o suppress mirror motioa
i T

w2

RN

Z

z

U Y e 7 .
5 N 7 %
wg:'lf‘--./ <> <>
l\ll L J U % J
- Reduce lock loss time - Stable operation
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What I did:

1. Frequency response check for mechanical system

2. Resonance damping

3. Mirror residual motion suppression

PhD thesis defense on January 21st 2020, Yoshinori Fujii



1. Frequency response check:

- Target: Confirm the system has characteristics of pendulum
« Measurement: Frequency responses from actuators to sensors

e N\
* By each component 7 |Model
Measurement

10°

\ Ar}-\/ d|Sp. E
- Sensor | ..
: Actuator O /
\ | -
A (VPP

Actuation

90 -

ase [deg]

A
7

Ph
DE‘
ke

|
| - e
|
|

-90

- -
.L
.L"“p -180
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1. Frequency response check:

- Target: Confirm the system has characteristics of pendulum
« Measurement: Frequency responses from actuators to sensors

(" . The most different case: ~
The most different case: - ode

in model
w/o heat-links

* By each component

N

#i~  Actuation

g WO

T57’ \_{T m: Model

o
i
|
| , ‘ Measurement N N
a i Disp. sensor *
| Actuator \_ Frequency [Hz] Y

magnitude
=
o

g * More precise model tuning - Necessary
* Characteristics of pendulum
- Okay to build control for lock acquisition




1. Frequency response check:
* For overall (from actuator)

Actuation
/\m 10° T H EEEFEEEEEE 10° T T S A A S S S B A A
i SIEEEIEE Al&-\ SR P i P
: ‘\/ 1o° _ L l 10
! * | j ! 107 B plvungad®® g8 gL
Y - . 1030 RN
‘ I ) 10_1 E: I -4
() e 10
SR Lo
|2 e 1 iActuations 2 107 i R
N c
I } 10_35 @ﬁ 10—? . . T
e L
O .- O el Model NI A YA
: . -10 || IR _
i Measurement 10 Measurement l
107 1 L | = e/, VLI IS
10 10” 107 10" 10° / 10!
Frequency [Hz] Frequency [Hz]

More sensitive interferometer is necessary.

- For overall performance, (model tuning is also necessary though)
Type-A suspension has characteristics of pendulum up to 4.2 Hz.

. - Assuming extrapolation, disp. noise at 10 Hz is attenuated. .




2. Resonance damping:

- Target: To damp all the resonances disturbing the lock acquisition,
within 1 min as 1/e decay time.

T‘T“T‘T‘ = Number of resonances:
Iﬁl Iﬂl Assuming rigid-bodies
T - 75 modes

Ll + 4 From sensor & actuator availability
Measured:

- For 53 modes (res. frequency < 30Hz)
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2. Resonance damping:

- Target: To damp all the resonances disturbing the lock acquisition,
within 1 min as 1/e decay time.

« Measurement: 1/e decay time constant of each resonant mode

T ( )

T - 1/e decay time

IJT Iﬂi " * Excite resonant mode
T 3 one by one,

|

051 077Hz  mam| 0.099Hz  wew
2Hz 8Hz  mom| 2034z mew| 0.203

0.14

- - (as much as possible)

by sending a sinusoidal
signal to implemented
actuators.

PhD thesis defense on January 21st 2020, Yoshinori Fujii



2. Resonance damplng

104 ........'.. T '...'..'..'..'.'.I.........'.. '.' I ""l T .E..._.......'..'.l........!.

o e w,r‘o control e w,r‘ control -- Heqmrement{lmm}}

w/o control

w/ control

1/e decay time [sec]

Resonant frequency [Hz]

PhD thesis defense on January 21st 2020, Yoshinori Fujii




2. Resonance damplng
e [1] #43: 1.5Hz —

¢ ¢ woconwol e wcortm -~ fequremertGmin)}{ - Roll / Trans. motion
ﬁﬁﬁﬁﬁﬁﬁiﬁiﬁﬁﬁﬁiiﬁiiﬁﬁﬁiﬁﬁiﬁiiﬁiﬁiﬁiﬁﬁﬁﬁﬁﬁﬁEﬁﬁﬁﬁEﬁﬁﬁ;ﬁﬁﬁ;ﬁﬁ;ﬁﬁ;ﬁ;ﬁ;ﬁ;ﬁﬁﬁﬁﬁﬁ.’.ﬁﬁ;ﬁﬁﬁﬁfﬁ;ﬁﬁﬁ;ﬁﬁ;ﬁi;ﬁ;ﬁﬁ;ﬁ;ﬁﬁﬁﬁﬁﬁﬁﬁ;ﬁﬁﬁﬁ;ﬁﬁﬁﬁ;ﬁﬁ;ﬁﬁ;ﬁﬁ;ﬁ;ﬁﬁ;ﬁ = Not disturbs 1ﬂ1
cnge g the lock acquisition. -

Roll
Long.

Trans. -

1/e decay time [sec]

_I

[2] 0.14HZ

unknown Yaw motion #43

o 10'1 Resonant frfquency [Hz] o ? W/O heat-link system .
failed to predict.
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2. Resonance damping:

[2] 0.14HZz mode
/

1. This will be excited when
BF-stage actuated.

2. for interferometer control:
only payload is controlled.

- This mode will NOT
be excited at lock loss.

r

\_

N
AT IS,
o >
| -
| | ’
(L/ BF | . BF
. I
/ . MN 2,,') MN
- Observed in TM - Not observed in TM
J

- The control system damps all the resonances disturbing
the lock acquisition for the lock-recovery mode.



3. Mirror residual motion suppression:

- Target: To suppress mirror velocity & displacement so that
the interferometer lock is acquired.

Actuator

Xstage Disp. sensor

le—s> (LVDT)
i

\ o ¥

pRaENd

T

-

virtual

: )
SEIS

Xsensor = [ Xstage — Xground + Xground ]

/

\

_ t Displacement Seismomter
\ seismometer Sensor signal
DC+Damp Signa|
. J
v - - - - - -
- Cut the seismic noise injection
mirror via disp. sensor. (= sensor correction)
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3. Mirror residual motion suppression:

- Target: To suppress mirror velocity & displacement.
Measurement: Frequency response from ground to mirror

Actuator

Xstage Disp. sensor

le—s> (LVDT)
i

\ o ¥

pRaENd

DC+Damp

T

\ seismometer

A3

MmIrror

-

\_

- M \
virtual S€IS

Xsensor = [ Xstage — Xground + Xground ]

— X

Displacement Seismomter
sensor signal
signal

- Cut the seismic noise injection
via disp. sensor. (= sensor correction)
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3. Mirror residual motion suppression:

* Frequency response from ground to mirror

From ground to mirror (L)

w/0 sensor correction

w/ sensor correction

Sensor noise

10 | |
4? 107 10" 10°

Frequency [Hz]
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] ] . ] (w/ 90%tile
3. Mirror residual motion suppression seismic motion)

error veIOC|ty 1 Mirror displacement

Velocity [um/s/rtHz]
RMS [um/s]

Suppression control OFF
Suppressmn control ON

Suppression control OFF ..
Suppressmn control ON

107 107 10° 107 107 10
Frequency [Hz] Frequency [Hz]

- The control system locally suppresses the residuals and

satisfies the requirement for in the time scale of 1 min.
PhD thesis defense on January 21st 2020, Yoshinori Fujii




] ] . ] (w/ 90%tile
3. Mirror residual motion suppression seismic motion)

* Measurement agrees with

10” =
simulation. > works as designed. |
* Performance at < 15 mHz: 8
- due to noise coupling from EE
seismometers. *
- For further stabilization, s P Emma
1. local seismometer corr. BT
system (with tilt-meter), or 10_11;’ o g?najllgﬁg:]ent Tomn
2. global control with w0t e

interferometer signal

Frequency [Hz]

IS necessary. - Task of the observation phase control.

- Local control system for lock acquisition has been realized.
PhD thesis defense on January 21st 2020, Yoshinori Fujii




Summary: performance of local control system

1. Frequency response check
- Type-A suspension has characteristics of pendulum.

- the unexpected frequency response - further model tuning.
- Enough for lock acqg. phase control.

2. Resonance damping
- The control system damped all the resonances disturbing the

lock acquisition for the lock-recovery mode within 1min
in 1/e decay time.

3. Mirror residual motion suppression

- The control system locally suppresses the residual mirror motion
in the time scale of 1 min.

- Local control system for lock acquisition has been realized.

- This is the first time to control KAGRA full Type-A suspension. m




Summary of this research:

1. Fast localization simulation by current network
with hierarchical approach

-> If V (K) sensitivity > 0.2 (0.28) of LIGO,
the hierarchical search improves the fast localization
performance in the heterogeneous network
using existing low-latency infrastructure.

2. TypeA suspension controls toward lock acquisition

- I've constructed local control system for full Type-A suspension
of KAGRA toward acquiring interferometer lock.

- This contributes to KAGRA joining to the network
as the 4th detector.
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Backups
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Note: fast localization
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Kilonova: Electromagnetic emission powered by radioactive decays
of r-process nuclei, given by ejected material from
neUtron Star mergerS [ref] https://iopscience.iop.org/article/10.3847/1538-4357/aaa0cb/pdf

Jet—ISM Shock (Afterglow)
Optical (hours—days) ¥ -1 E T r T T T T
Radio (weeks—years) ’/’ i g
b3 . r
Ejecta—ISM Shock i
1 Radio (years) '1 5
Z
, J
H
S Ill’ n _g .1 4 K
> 4 N ey 5
4 3 - . =
Kilonova *_ (\‘f\/ o -13
o Optical (t ~ 1 day) . L]
/, ‘\\ ,: E
/" Merger Ejecta L
/" Tidal Tail & Disk Wind S -12
/vt 0.1-03 ¢ -\'\.,l E
Q- & fne <
............... =10
_g | 5 Y M | | 4 | | " 5 |
0 5 10 15
Days after the merger
Metzger & Berger 2012 http://www.icehap.chiba-u.jp/activity/180326MultiMessenger/3-26/tanaka_20180326.pdf

PhD thesis defense on January 21st 2020, Yoshinori Fujii


http://www.icehap.chiba-u.jp/activity/180326MultiMessenger/3-26/tanaka_20180326.pdf
https://iopscience.iop.org/article/10.3847/1538-4357/aaa0cb/pdf

FOV tHADARAFNLREEZRE - FE

VS. AR 7R FAF O[EEETE
Area ~ 100 more effective_;
by GWs o :

O

10 E

2 :

(D) I

- _

T

U i

¥

E 0.1

(D)

-

U

0.0] Lt vl v v e e

0.1250.25 0.5 1 > 4 8 16 32

[ref] http://www.icrr.u-tokyo.ac.jp/JPSCR/2016S/yoshida.pptx
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Detector The signal (I)
response:

Signal sensed by detector is a combination of two polarizations

zZ source
h(t) = F+(0,6, ) s (6) + Fx(6,6,9) hx (2 =
F, and F\x: detector response functions 0
depend on sky location (6, ¢) and polarization angle v FNV e,
Fy = —2(1+ cos? 6) cos 2¢ cos 2 — cos f sin 2¢ sin 2¢) RS : v
Fy = 3(1 4 cos? ) cos 2¢sin 24 — cos 0 sin 2¢ cos 2¢) S %
o .

F, and F« can be approximated
as constant over length of CBC signals
in ground based detectors

20
- Ref: http://old.apctp.org/conferences/2011/NRG2011/NRGPDF/CBC DA Korean School 2011.pdf ﬂ



http://old.apctp.org/conferences/2011/NRG2011/NRGPDF/CBC_DA_Korean_School_2011.pdf

Matched filtering

Detector output Theoretical waveform . Noise
E—— (Template) | Power
- o L,ll Spectrum
Em SC - RN Density JGW-P1707567
. = UL LU | .;"' | “\. J
- with FFT WIth FFT =iy e I \\,I We introduce the reference time ¢, as the time of the coalescence. We can rewrite
S — - - | \_q_ ,‘__.;-J the template (that is, normalized wm't:fm'm} centering on . as u(t; f(.} = uJ{# t.).
i Fraqeency 4] Thus,
- &
@ i f) = [ u (t — t.)e 2" tdt
4‘ : threshold Sé?“nRﬂl-tD-Nﬂlse ratio _ /.“r{fr]{:—Zfr!'.rf’f:—?.'l'!_ﬂ'._ gt
G S S, |

=it (f)e 2

where we assume ¢t = + f. and @ (f) is
i (f) = /u’[f]p-fﬂ'f‘df = [r:{a‘:ff =0)e 2ftdt = a(f:t. =0).

As a result, Eq.(2.10) can be rewritten as

oo f o
o(flus(f:t.=0) 4.
(z,u) = -IR{?[ () U }r"“m‘ df . (2.11)
o ‘CJ'LL”f“
Because this formula is equivalent to the inverse Fourier transformation from

f to t., we can obtain the time series of (x,u) for each #. by the inverse Fourier

transformation. The calculation of Eq.(2.11) can be done efficiently with the Fastest

DR T Y [ T =R AW E IV E [ g A R Fourier Transform, such as FETW.

=




SNR maximization:
Matched filtermg in practice (1)

e The phase ofthe chirp signal 1s unknown

h(t) = A [he(t) cos® + hg(t) sin D]

\ /

cosine and smme phases of the waveform
» The SNR has to be maximized over all possible values of @

Filter with To and Tggo and take quadratic sum
= \/5002 + Sgge”

Noise has a y? distribution
with 2 degrees of freedom p(p) = pe /2

Signal has a non-central y? distribution
=| Gaussian distribution if signal strong enough

31

- Ref: http://old.apctp.org/conferences/2011/NRG2011/NRGPDF/CBC DA Korean School 2011.pdf m
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Network by multiple GW detectors:

(L160
Hanford

(H)

LIGO —

| £ f
e S Tl i i =

AT L

" KAGRA
Livingston LIGO (K)
\ (L) India (I)

* network duty cycle Dnet
~ D1 *D2 *D3 *D4 * ...

ex.) Network duty cycle
more than 3 detectors
*if D1 = D2= --- = 80%,

3-detector network: Dnet ~ 51%

/ '

4-detector network: Dnet ~ 82%
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Assumed noise curves:

10—20 i
] = H1: 54 Mpc
—— L1: 54 Mpc
m— \/1: 31 MpC * For V/KI
1021 K1: 9 Mpc the curves are scaled.
N
T
= 10-22-
f= 5
©
A
10—23
10-24 E— -]
101 102 103

Frequency [HZz]
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Actual threshold in the low-latency analysis in O2:

Table 1. Major parameters of O2 online search pipelines based on compact binary merger

waveform models.

PyvCBC Live GstLAL MBTAOnline
Total mass | 2Mg to 500Mo® | 2Mg to 150Mg® | 2Mg to 100M
Mass ratio 1 to 98 1 to 98 1 to 99
Minimum component mass 1M, 1Mg 1Mg
Spin magnitude (m < 2M) 0 to 0.05 0 to 0.05 0 to 0.05
Spin magnitude (m > 2Mg) 0 to 0.998 0 to 0.999 0 to 0.9899
Single-detector SNR threshold for triggering 5.5 4P 5.5°

2 The maximum total mass for PyCBC Live and GstLAL is in fact a function of mass ratio and component spins (Dal Canton & Harry 2017;
Mukherjee et al. 2018) and we indicate the highest total mass limit over all mass ratios and spins. The offline GstLAL search uses a template

bank extended to a larger maximum total mass of 400M .

bThi:-s threshold was applied to the two LIGO detectors only for the online GstLAL analysis. The minimum trigger SNR in Virgo was not determined
by an explicit threshold, but instead by a restriction to record at most 1 trigger per second in a given template.

© MBTAOnline uses a higher LIGO SNR threshold (6) to form coincidences with Virgo.
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More concretely: * Component mass: Uniform [ 1.2 M : 1.6 M@ ]

5000}

..............................................................

/1 Injections (number of events: 248) ™
* Reuse of another calculation [ref] & detected by HL-network:
All injectic_ms | E Events detected 5 Randomly selected
Random, isotropic by HL events
(48905 events) (630 events) (248 events)
= Ienqggi:a‘rl]?c?i{;?_'all):l 1.I?4Ile+I0I2 [Mpc] 1a0b. _____ _IZI ergtergi;aﬁ%géfst):l 4.I90e+01 [Mpc] ||
P [ medanioi: aoevon wpet | ol = et 476001 tepe
L]

i
103

Distance [Mpc] Distance [Mpc]
[ref] https://www.ligo.org/scientists/first2years/ EOFEIIEREASEAZAACSINCEIEYL



https://www.ligo.org/scientists/first2years/

How the inputs obtained?: 2015 scenarioin [1] vs. 2016sim

* Configuration (number of events) Randomly selected in order to
* Component mass: Uniform [ 1.2 Mg : 1.6 M@ ] save computational cost.

* All injections (48905) —> * Found events (630) \7> * Used in simulation (248)

/
30000 —— —— 2 events missed
; A entry 48905
| edian(dist all): 1.74e+02 [Mpc] 160 B R R === —
R 1 | gy entry: 630,
23000 e e e @NUTY: 630, ) T median(dist): 4.90e+01 [Mpc]
A median(dist): 4.90e+01 [Mpc] 140 | -
— —— : o ;::Ientry248
: S AN |k medlan(dlst) 4.76e+01 [Mpc]
20000} bbb i i B O DU 0 00 0 0 RO 120 | R o L
E H H H o ! ' . - B . . . . R
5 ' H H .
> ; B 100l =
5 R | enty- 505 lll-r c 100
G 15000 [---mmrmmmsa e ndeeee s don bbb bt R - n(dist_all): 1.74e-+02 [Mpc] g
- : ] LH]
J%EJ 400 mtd 63:? st): 4.90e+01 [Mpc] iII-I ? 80
c i a
10000} e 8 3001 g
: EZUO'

7070]0) AN SRR PN SN A SO I

L | 1004 |
o . | J

distance [Mpc] 10 ok
e [Mpc] 10

distance [Mpc]

[1] https://www.ligo.org/scientists/first2years/ Yy January 21st 2020, Yoshinori Fujii
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How the inputs obtained?; " 20t>scenarioinlil

* Found events (630) * Used events (248)

B E T e
i, 2 -\.\ 120 150: ﬁ "
[ 'ch \:_-‘_.-.___‘ -

N

% o .-
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Reference: the inputs: In 2015 scenario in [1]
* Configuration (number of events)

Randomly selected in order to

* Component mass: Uniform [ 1.2 Mg : 1.6 M@ ] save computational cost.
* All injections (48905) —> * Found events (630) —> * Used in simulation (250)
30000 A S g o 160 T ——
: SR ; oo : 630,
A . ergterglai?c?lg? all): 1.74e+02 [Mpc] vl _____ _':' er:ggian(dist):4.90e+01 [Mpc] ||
2000F e N dist): 4.90e+01 Mpe] | ol §§§—Eé'z'egggua%?gust)480e+01[Mpc1
" 20000L e . » B 1"lL";;i ______________ P 100 “”“”"”i“"“:“":"“  ;; B | | IR
| oz e || X
% = |
10000 | ey
\IIIIII-I

5000 b

100 A

' | ' 0 H H

o o JIIIIIII-I o
distance [Mpc] ___—l distance [Mpc]

e [Mpc]
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Effective distances of the injections:

B medianidist_eff_h): 9.19e+01 [Mpc] 100 B median(dist_eff [): 9.49e+01 [Mpc] .
i Expected SNR, p:
a0
£ 60 E * *
o o
: ® 60 8 * 2.26 * R_det
s s p =
20 -
_E -E 40 D_eff
= =
= =
20 A 20
0 - — 0 —
10! 108 1ot 108
dist eff_h [Mpc] dist_eff | [Mpc]
B medianidist_eff k): 1.35e+02 [Mpc] B medianidist eff v): 1.28e+02 [Mpc]
40 I 40 -
5 |H| &
z 30 1 g 30
o o
& 20 & 20
3 3
= l =
10 10 —
0 0
10! 10° 10 10t 10° 10°
dist_eff k [Mpc] dist_eff v [Mpc]
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Generating & mixing artificial V triggers

2. Mixing HLV triggers Zaof N - SNREh = 3 |
p = random [0:1] v Bal N\ Lo SNRthi =6
FAP = FAP(SNR) or FAP(SNRth)|=0cl 1\
p<FAP > HLVF e N
p>FAP & SNR>SNRth > HLV; |22 BaSedonthe
p>FAP & SNR<SNRth > HL orimeasurement -

N SNR threshold 10" Y,

noise. (Right) False alarm probability (FAP) as a function of the SNR thrmhﬂld,
computed as FAP = 1 — exp(—R T'), with R the rate of triggers above threshold
per template, derived from the distribution on the left, and 7" = 70 ms. At low
Table 2.1: Procedure for generating coincident events for LIGO-Virgo network.

py is a random number from a uniform distribution between 0 and 1. FAP,, is
the false alarm probability at a given SNR threshold in Virgo.

Conditions Generated coincidences
if pv < FAPv( maz(SNR 1,_l-L_ SNE ',:f"“”'w'l} ) HLV,
else

if SNR 7" ~ SNR & HLV;

if SNR JP°" < SNR P HL

21st 2020, Yoshinori Fuijii



Generating & mixing artificial V triggers

1. Generating V triggers

V,: V trigger based on
random parameters

= random following
measurement
Time = tH1 or tL1
+ random [-35ms:35ms]
Phase = random [0:2n]

SNR

S

SNRdtbt

..............................................................................................................

...............................................................................................................

— Model
@ Measurement |

.............................................................................................................
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

............................................................................................................

............................................................................................................

|n01 ____________________________ NG

.............................................................................................................

............................................................................................................

10°

1 I
6 10!

SNR

V; : V trigger based on injection parameters

SNR

= metadata + Gauss(0,1)

Time = metadata + Gauss(0,0.66 ms*—)
Phase = metadata + Gauss(0,0.25 rad)

SNR
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Performance (HLV):

Accuracy
- | HLV relétive BNS rarlige
3 e e 1-1-0. e e 1-1-0. e e 1-1-0. -
107 Frle o 11020 e 1103 h
U’ . . :
) : : ; '
O, |
8 102 """ . I"l"l"l"""
?6 _ l 1 : ]
3 R
Q 1 i : : : T
510727
S ~ HL: 123 deg? |
2 | a | Z
0 | | | | |
10 i i i i i
0 2 4 6 8 10

Virgo SNR threshold

12

90 % confidence area [deg?]

=
o

=
o

=
o
N

N

(SNR threshold for H, L = 5.)

Precision

W
T

HLV rélative BNS l;ange
e o 1-1-0.28
e o 1-1-0.39

e o 1-1-0.56 ]
-- HL

e e 1-1-0.13
e o 1-1-0.20

' HL: 638 deg?

4 6 8 10 12

Virgo SNR threshold
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Performance of HL- vs. HLV-hierarchical-network:
RnageH : RangelL = 54 : 54 (Mpc)
Hith : L1th : V1th=5:5: 3.5

I I I I ] T I I I I I
HLV relative BNS range 101 : HLV relative BNS range
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Performance (HLK): (SNR threshold for H, L = 5.)

Accuracy Lo Precision
L | | HLKreI;tive BNS ralnge | ] 8 10 I | HLKr;Iative BMNS rlanr_.]e 1
— 3 I. e 1-1-0.13 e @ 1-1-0.28 @ @ 1-1-0.56 - HL‘ 1 ®) . e 1-1-0.13 e o 1-1-0.28 e o 1-1-0.56 ]
~ 10 T °® 11020 o o 11039 | ] = |e ® 1-.1-020 o e 1-1.039 == HL _
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B 1 © 103 2
O ': Rl 8 3
= 5
1 T ; ]
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) : = 2
< oll39% [ I0MM s 10
8 O
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0 2 4 6 8 10 12 0 2 4 6 8 10 12
KAGRA SNR threshold KAGRA SNR threshold

Relative sensitivity = (1, 1, >0.28), SNR threshold = (5, 5, ~3.5)

- becomes improved 97 /75



Performance of HL- vs. HLK-hierarchical-network:
RnageH : RangelL = 54 : 54 (Mpc)
Hith : L1th : Kith=5:5: 3.5

| | | | ] I | 1 | |
HLK relative BNS range 10! :
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Performance (HL vs. HLV):  (SNRthreshold for H, L, V = 5, 5, 3.5)

Accuracy - Precision
i : : | | i O 10 : | |
s a D
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Performance (HLVK): (SNR threshold for H, L, V = 5, 5, 3.5)

. Accuracy I Precision
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Relative sensitivity = (1, 1, >0.3), SNR threshold = (5, 5, ~3.5)

- Effectively improved 100/ 75



Performance of HL- vs. HLK-hierarchical-network:
RnageH : RangelL : RangeV =54 : 54 : 27 (Mpc)
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Performance (HLV): (SNR threshold for H, L, V = 5, 5, 3.0)

Accuracy - Precision
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Required: Virgo sensitivity > 20% of LIGO




Performance (HLK): (SNR threshold for H, L, K = 5, 5, 3.0)

Accuracy — Precision
N 4
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Performance (HLV): (SNR threshold for H, L, V = 5, 5, 3.0)

Accuracy I Precision
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Performance (HLVK): (SNR threshold for H, L, V, K = 5, 5, 3.0, 3.0)

Accuracy o Precision
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Performance of HLV-triggers:

Searched area [degz]

100,

o
|

p—

—
o

@ 1.3deg2

p—

V1 SNR threshold

90% confidence area [degz]

|
o
o
o

@ with artificial triggers

® with actual triggers

L —

=
o

Precision

=

V1 SNR threshold  °

Simulation vs. running MBTA - consistent
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Performance (HLV): (SNR threshold for H, L = 5.)

Accuracy — Precision
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Comparison (HLV_sim) VS. (HLV_mbta)




Difference: from geometry

14deg oK

arXiv: 1304.0670
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Difference: from geometry

COHL LV COHL LK
COHV O HLWY COHK O HIK
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Difference: from geometry
* Flatter triangle would make localization worse.

| |®

R N T Oy @ sELFT .

- This effect could be could be evaluated by using: ;;;g;;;gg;;g;;;gggggggg:’;gggj;

p(r|R) o p(r)exp [—%(r ~R)"M(r - R)]

M: for the localization accuracy
DIZD?Z + D23Dg;; 4 DCSIDE}"]_

M=—= — o (30) based on the detector geometry
12 23 31 ..
Thus M has a contribution from each pair of detectors which depends upon the & t|m|ng aCCuracy.
detector separation D;; and the pairwise timing uncertainty
I
o=t +al+ I sy| > det(M_HLV) / det(M_HLK) ~ 2
k

where k # i,j. The timing uncertainty from a given pair of detectors is dependent
upon the timing accuracy oy in the third detector. Initially, this may seem surprising,

voshinori Fujii



https://arxiv.org/pdf/0908.2356.pdf
https://arxiv.org/pdf/1010.6192.pdf

Actual duty cycle:

Table 1 Percentage of time during the first and second observing runs that the alLIGO and AdV detectors
spent in different operating modes as recorded by the on-duty operator. Since several factors may influence
detector operation at any given time, there 1s a certain subjectivity to the assignments. Maintenance includes
a planned 4-h weekly period (~ 2.4% of the total), and unplanned corrective maintenance to deal with
equipment or hardware failures. Coincident operation of the aLIGO detectors occurred ~ 43% of the time in

01 and ~ 46% in O2. After joining O2 on August 1 2017 AdV operated with a duty factor of approximately
85% until the end of the run on August 25 2017.

01 02
Hanford Livingston Hanford Livingston  Virgo

Operating mode %  Observing 64.6 574 65.3 61.8 85.1

Locking 17.9 16.1 8.0 11.7 3.1

Environmental 9.7 19.8 5.8 10.1 5.6

Maintenance 4.4 4.9 5.4 6.0 3.1

Commissioning 2.9 1.6 34 4.7 1.1

Planned engineering 0.1 0.0 11.9 5.5 —

Other 0.4 0.2 0.2 0.2 2.0
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Actual performance of online detectors:
https://summary.ligo.org/~detchar/summary/03a/

Binary neutron star inspiral range

- i
03
I'l- - .

75 10 125  Ia I .
Time [weeks] from 2019-04-01 15:00:00 UTC (1238166018.0)

H1 operational state L1 operational state

IEWEERIENTTINS s 1
el
A%

e e s 1

B Observing [71.2%)

B Roady :|:'.T_,-'2'"_
Loeked [3.06)]

W Not locked [25.05]

Ohserving |75,
Frendy [04%]

Liscked [3.75]
W Mot locked [20,1%)

PhD thesis defense on January 21st 2020, Yoshinori Fujii

Network duty factor

|1 238166018 1253977218

Triple interferometer [44.5%]
Double interferometer [37.4%]
Single interferometer [15.0%]
No interferometer [3.2%)]

Virgo operational state
LB R01S-1 RTINS, mans u)]
W Observing [76.3%]
Locked [6.19)
W Mot locked [17.7%]



https://summary.ligo.org/~detchar/summary/O3a/

Prospects for observation & current KAGRA

10—13 - :
WA | . | l iIKAGRA (2016)
|
-14 }\ W11 P P N
mm Of1 O2 mm O3 wm O4 mm O5 +0 TR l‘h jl;lfﬁ\sGeRf(zms)
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LIGO i E . n 107
=17
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KAGRA ‘" = = o
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Target
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10—23.
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arXiv: 1304.0670 10* 102 10° 59

frequency (Hz)
JGW-G1911123
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Interferometer locking: 10

T
Pound-Drever-hall (PDH) % 0l
technique: 2
2 06}
X >
§ 0.4r
r il ]( \J U)ﬁli_ =

0.2¢
Actuator J U U k
P R TR T T
H?—» F
®

[ref] https://gwdoc.icrr.u-tokyo.ac.jp/cgi-
bin/private/DocDB/ShowDocument?docid=4739

Error signal

"X

Feedback control only works
PhD thesis defense on January 21s Wlthln |||"|eW|dth (FWHM)



https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=4739

Cavity linewidth:

Intra-cavity power

1.0
| | | AL 4 Fo I
QAllin = 7 4- ( = 1 )
0.8 I F L=
0.6} AL lin
é @
0.4r Fi 2
0.2l wh*del_L_lin = (z*pi*UGFj*IumbdafE,-’Fl
0.0 ! - L - , DoFs UGF [Hz] Finessse lambda [nm] | wb*del_L_lin [um/s] del_L_lin [nm]
=15 =10 -0.5 0.0 0.5 1.0 1.5
ARM_IR 1550 1064 0.24
X
ARM_GR 10e3 S0 532 334 53.24
MICH 50 for BS 1 1064 157 228
PRCL 50 for PRM | 57 1064 2.93 0.33
SRCL 50 for SRM | 38 1064 4,398 14
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My work for Type-A:

— Local control system
Implementation & Performance test

SASSSSSSSISSSSSY.

Res. damping Lock-acg. Observation

< >
With full Type-A: [ My work ]

\.

Goal:

To construct

local control system

of full Type-A to allow
interferometer locking.

* Control system in observation:
- much depends on
interferometer control
(global control) in addition.
- set as future work.
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My work for Type-A:
— Local control system \
Implementation & Performance test Goal:

SASSSSSSSISSSSSY.

To construct

local control system

of full Type-A to allow
interferometer locking.

Res. damping Lock-acg. Observation

< >
With full T -A:
Ith Tull Type [My work ] * Control system in observation:

. ) - much depends on
interferometer control
(global control) in addition.
- set as future work.

Data acg. system & digital system

Mechanical system =< Already done




What has been already done & not done for Type-A:

- Mechanical system A

Basic designing
Suspension system:
[T. Sekiguchi internal doc.(2014)]+

Cryogenic system:
[D. Chen PhD thesis(2015)+ /

Room-temp. part

Cryogenic-temp. part
Installation (& characterization) T Y09 P- P
Room-temp. part:
K. Okutomi PhD (2019)] &
cryogenic temp. part: Basic mechanical-

'T. Yamada master’s(2018) ]+
CQG 36 (2019) 165008]+ system development

; — - & |2 Already finished.
Data acqg. system & digital system '

N\

[PTEP (2018) 013F01]+ .st 2020, Yoshinori Fuijii




What has been already done & not done for Type-A:
~ Local control system \
Implementation & Performance test

SASSSSSSSISSSSSY.

Room-temp. part

&
Res. damping Lock-acq. Observation
< ...................................... >
With room-temp. part: -

[K. Okutomi PhD (2019)] 1)

\_ J
(*1) for arm-cavity lock.
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What has been already done & not done for Type-A:

~ Local control system
Implementation & Performance test

SASSSSSSSISSSSSY.

Res. damping Lock-acg. Observation
< ...................................... >

With room-temp. part:
[K. Okutomi PhD (2019)] 1)

>
My work ]

=
With full Type-A: [

.

~

(*1) for arm-cavity lock.

Goal:

To construct

local control system

of full Type-A for
acquiring interferometer
lock.

* Control system in observation:
- much depends on
interferometer control
(global control) in addition.
- set as future work.

PhD thesis defense on January 21st 2020, Yoshinori Fujii



Note: verification of suspension performance
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Measurement: \i'] ‘|
Mechanical ;“fi“l/ s ~r
suspension ' ,iﬁ‘i’ A
response :
to DARM 1
)
‘I"‘" ETMY
ITMY O 0
‘; ‘,'L
ITMX ETMX

.'Ti\l/ Actuation
; Bow

Actuation
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1. Mechanical system characterization:

* By checking vibration isolation

A';‘\

v \q\/ Lo from BF_L, exc
« L < . T T | S B S T T L S N R A T T T T
B et T T P S N
1 from IP_L, exc 3 . : : . . A . : . : . oo L . : : . [
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10°He e FPMI ® & TML_IRcase o o TML_local model . o
.0 o o T

magnitude

o Ces e S 2Ty T %y tTen
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i H H o . : H : R : b : e . : : : : N
' : P e Po® L L " L e, M
10- u 0.0 : : : . : : [ : : :
102 10?1 10° 10!
Frequency [Hz]

- Type-A suspension has characteristics of pendulum up to 4 Hz.
- discrepancy at 1 Hz to 1.4 Hz is worth to investigate
for further improvement.
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Results: force transfer functions, from IPL

10

from IP_L, exc
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Results: force transfer functions, from BFL

10°

from BF_L, exc

102 b o o : " o,

103 b

104 [ S s

205 b

108 b [SUU SR [ : : :
107 b N
08F

magnitude

10°He @ FPMI ® ® TML IRcase
10%H e o ALS DARM e o TML_GRcase

10—11

1071 7”,,”,,,,,”,,,,,,,”,,,”,,,”,,””:,,,,:”,:,,,:””:,:””,,,,,,”,,,,,,”,,,,,,”,,,,”,:,,,,,:”,,,,,,:,,:”,E”:,,”,”,,,,”,,”,”,,,”,:”,,,,,:,,,,:, i i P
L

The transfer function up to 4.2 Hz
agree with the model.

500

phase [degq]

-100}

150 b N N gt gl

| | ~ 0 ® | | : e o : :

e o o ¥
> o w o
T T T T
. .

coherence

o
[N

o
o

10!

=
o
]

Frequency [Hz]

10°

phase [deg]

coherence

o o
'S
.

from BF L, exc

10-9{. ® FPMI ® @ TML_|IRcase ® o TML local — model
10°H e o ALS_DARM e e TML_GRcase

=100

=150 ¢

. .‘l 9

(<))
T T
L]
.
-

®e ! : : : .?. ° 9

o
[N)

o
o

10°
Frequency [Hz]




Settings for the measurement w/o controls:

Inertial sensor

With Tower-damped state,
N / L/VDT - ordinal L-loop (blue) was opened at IP satge.
- instead, |
used for the ALS_DARM “?ﬁxw_/\\/’kk_
VDT BF-LVDT measurement, P T J T—

\I T T 'mno“ o ,1cr=’ ' ..‘,.,..&1 —
BF_ACt I-|-I Act measurement. 1 1Fraquancy{Hz}

| *TO=04/11/2019 16:00:59 K1VISETMXT.bet
/._-\ B

—
' —+ ‘. Photo- [ Transter function |
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_ Other ref: https://github.com/YoshinoriFujii/Weekly-
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Simulation

models:

BFL to TM, L

agnitude

IPLto TM, L

A: BF/BFexc |
B: TM/BFexc ]
proc TF: B/A |
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proc TF: B/A |
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Results: displacement transfer functions, from IPL

phase [degq]

magnitude

coherence

e o
.|:.

[ = = = =

©o o o oo g & B B

[ S T
HEREREL

S0k b e L PR e
200k i e e

L e = 11 o
“150b e e U el

e
© o
T

O‘\

o
N

o
—o
o

¥

from IP_L, disp

e ALS DARM o TML_GRcase

It seems that model have to be
tuned at 1 to ~1.5Hz region.

sol iR

* at 1 to ~1 5Hz reglon
> Not callbratlon error e
> It looks coupllng from other dofs

10-l 100

Frequency [Hz]

maghnitude

phase [deg]

coherence

o ©

= =
o o B
W t >

from IP_L, disp

H
<

si|e e FPMI o e
e e ALS DARM

g ® o TML local — model|
e e TML GRcase EE

150 oo
100 |-
50 [

[=)]
T

'S
T

o
[N

e
=}

- ’q w “’M .....l‘ ...

o g - " t. . - o@D
[} :.‘\. ° .-

10°
Frequency [Hz]




Results: displacement transfer functions, from IPL
* Including IP(geo) signal.

from IP L, disp
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Results: displacement transfer functions, from BFL

from BF_L, disp
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It seems that the discrepancy comes from
the issue of LVDT, the direct sensor-actuator
coupling.
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Results: displacement transfer functions, from IPL to BFL
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Notes: Resonance damping
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My work: | Constructing controls toward interferometer lock

N\ )

e : N ( :
1. Mechanical system || 2. Resonance damping 3. Mirror residual
characterlzatlon ‘ — suppression
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)

w/ control
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2. Resonance damping: [Control system with disp. sensors]

Room-temperature part:

\A DC+Damp IP/ Vertical filters / BF-Yaw

A * Pendulum mode damping
F2 e
\ Pe * drift compensation

£3 | Cryogenic part:
BF 1o \ DC Payload
damping | pamp * Internal mode damping
Payload * Mirror alignment
% / I-\ Band-pass
gy damping

PhD thesis defense on January 21st 2020, Yoshinori Fujii



2. Resonance damping: | Control system for damping
with disp. sensors

Inertial sensor

/
P Actuator / VDT
LY i 'n' "'\-\.x. I
LY L
DC+Damp Payload
F2 e
13.5m GAS N LvoT |
e DC A ——
F3 \Als z"rf_FF N *i# MN-PS / Act,
T Act, W
BF o DC+Damp \_r __;’f
BF- | -. S MN-Oplev
i BF-LVDT
damping sF-LvoT , |
'. ™ IM-PS / Act.
Payload |
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2. Resonance damping: Open loop transfer functi_ons for
Control system for damping

with disp. sensors

magnitude
gt

phase [deg]
phase [deg]

w w 't i 1t
Fraguency [Hz] Fraguency [Hz]

(a) IP loops in L, T and Y dof. (b) BF loops in Y dof.

magnitude
magnitude

phase [deq)

phase [deg)

(U 7] 1w 10 [T 1w [CH 10 w 10
Frequency [Hz] Frequency [Hz]
(e) FO, F1, F3 and BF GAS loops. (d) Payload loops in R dof.
168 1"
0° o=
@ 1w @ & A=
5, 5. g 16 Wy
.E-\.: IE_\ %‘c: ; n.';' -
i 0 ] £ § v
= rem M . frem MK 1 M w0 Ew
Lo T TH L MR i) — iz TH s R 1 - will
wr® w .
15t 158 aw
— e 154
T —
B ow — g
E £ = T o
3 9 3 ¥ =
3 k] T -5 x M
£ 2 = o1y I -5
:..:: i - I = -
154 e 5 154
o 07 Ty W 10 107 w07 a7 T it ! o o 15 L
Freguency [Hz] Freguency [Hz] raquency [Hal w Fraguency [Hz]

(a) PS loop filters at MN-stage in L, T, P

(e} Payload loops in P dof. (f) Payload loops in Y dof.
and Y dof.

(b) Implemented band-pass comb filters.

Figure 6.12: Open loop transfer functions of the implemented servo filters for

the calm-down phase. Figure 6.13: Implemented servo filters in addition to the ones in Table 6.1.
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So, is this unknown Yaw mode problematlc for the target?

A~
. "'\/ )
o )
| @
I " 210°
o
| g = 10°*
I " / 10°

| BF/BFexc

SRR

— MNoplev/BFexc -

- No for now, at leaset.
for (current) lock-recovery.

* When noise injected
at BF-stage:

- The mode looks exited.

102 101
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[y
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D-

-y
(=1
b

=y
(=]
n

-y
=]
&

~ T BF/MNexc
T4 MNoplev/MNexc

1 10 "\'_;i\/
o * When noise injected
' at MN-stage:
I - Not (clearly) exited
| in TM-chain.
: BF * The decay time ~3min.

| | MNps/MNexc

1

Frequency (Hz)

10




Summary of this work:

-- The installed damping control system damped all the
resonances which disturbs the lock acquisition
for the lock-recovery mode.

-- exception: one mode
-- This mode looks from HL-system
-- This would be problematic when upper stages are used
for the global controls. = Further improvement

-- In this work, the payload damping system is constructed
mainly with the optical levers (relatively small linear range).
-- better to utilize Photo-sensors more effectively.
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unknown Yaw mode [2]?
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Expected heat link frequency response
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Photo-sensor inter-calibration ¥ According to a simulation
ogibme 0 nen the following force TFs should

it have same DC gain
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------- e 0) compared to TM-chain it seemed).

ool lemapner LU L
R VAN ¥ DR R [ [yawHN - yawhNR / TyMN - 1-
MN(Y)ps/MN(Y)exc and

[ lyawMN [ TyMN - TyMNR

MN(Y)oplev/MN(Y)exc

-------

4w ey 1 S o e
0.01 0.1 1 10 100
¥
B T T o e _I Transfer function
D et B R An EEEEEERT R SRR ST R A - |
I———:——-l Il—b—li—l— B 1 T B ] T L B !I i 1 ! L B ! 1 ] ! L=
o 1 [ i ! K -

Magnitude

R NSRS A R S
s ofia i | e _
BRI IRl he ML LI 1 IR
0.01 0.1 1 10 100 Sum x Factor Inverse Multip| i § : F
Frequency [Hz] Hide [l show il Delete 10" . _ e ‘_._‘ R
Import : i

-
<%

Magnitude
Eﬁ
N
-
§

" lh .Id

-
=
Y

10 WENIE-ETMY TH DAMP VBN 0O/ KIS-ETHE MK TERT ¥ EXC

KENIS-ETHE_MH PEOAME V¥ M1 00/ K1EVIE-ETMY MM TEST T EED

RLYIB-ETHX N PSLAMF T INI DO ELYS-ETHME MN TEST ¥ EXC

RIVIE-ETHE MW OPLEY TILT YAW OUT B0 HiVIS-ETMX M TEET ¥ EXC
geocfoeils

107
ancl

(current PSDAMP_IN) * ~20 > urad

PhD thesis defense on January 2 JE R v

10*

+I|I mlll

et




Photo-sensor inter-calibration
| Power spectrum | ) )
_ ——rrr R * Spectra w/ the calibration factor.
N e * Might be too large (a bit) though,
=l \//\\ : direction looks okay.
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Optical lever noise floor:

* Obtained with interpolation: ( Estimated - interpolated )

MN-oplev
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: estimated |1
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Notes: RMS suppression
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HlfE)L—T" at IP-stage:

1. OLTF for IP-LVDT 2. Sensor correction filter
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Sensor correction filter O&sd
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Ground motion at KAGRA site

Displacement [m/rtHz]

Seismic motion at KAGRA site
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Suspension response at KAGRA site w/o control

* Simulated mirror residual motion:
P Mirror Displacement (vel.) M|rror Dlsplacement (disp.)
B 3 107

i Tl l/ 107 R e
| ,Inbad |
| Y L [ R e W\ |weather |

N 10 — 107" ki SIgtN B
I T = I ST S s HE S R
| 2 ool % 1078 '
£ ol el £ Requirement
I S % A
2 10 e 2 107k
c [CoIIIDIITIITITIIIIIIINIIN j [ooCCoDITIIyTIITITITIINIIIIE
I = [l —  10%-tile 3 O W
= £ 10°H — 90%-tile i g E 1010}
i.\l' H — 99%-tile | i £ ?
11| == 10%-tile RMS | i |
10 H = = 90%-tile RMS | il 107 Weather
| == 99%-tile RMS [ i BALK | | S ey [
1012 ; ——— : R R : L 220 T S TR R
@ 1072 107 10° 10 10707 107 10° 10*
Frequency [Hz] Frequency [Hz]

Ref: https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=10436
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Suspension response at KAGRA site w/o control

Voo " In gooa w_eather 'ﬂl . error Dlsplacement (disp. )

' | satisfied. — 106N NN el
N i
| : * In bad weather | mm E 107 fisee
N (especially in winter) S el
- - &=
| - req. w_|II _not T 2 el
I be satisfied v T F e
—s "—DES_IO'10 | —  90%-tile
‘I\l' ] . %) H— 99%-t?le
* Contribution to RMS O 10y T et Ruis |
iS |arge in the band. 10_12 - .gg%-ti.le.R.M.S. | | - :::::fi'::i:::::: R
1072 1071 10° 101

- To be suppressed
- at upper stage. %2 Hz

Frequency [Hz]
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Control overview (in L):

Xstage Disp. sensor

Actiator/ﬁ’_\ | (/LV DT)

pEaRd

\

DC+Damp

. \3

o—>(Ffb

Nact

—>$—>Pa—>$ ®

SL

LVDT

R e

NvLvDT

Disp. sensor uses:
(Xstage - XGND) —> Xstage ~ XGND
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seismometer

Control overview (in L): Seleo T o— XGND
Xstage Disp. sensor = T
Actuator/@ (LVDT) SC NSEIS PS
P e <_h - - i Xstage
‘ w_‘ — Ffb**—) Pa > $—>
: \ seismometer N
E DC+Damp act PTM
’ + |<—
. A SL <—*<— b \_) Ny
LVDT
Mirror NLvoT
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seismometer

Control overview (in L): Scle—o o— XGND
e Disp. sensor T T

Actuator/@ (LVDT) FSC NSEiS PS

M_‘m %%Ffb_;*_)pa _)(‘lg ob I_Z<stage

i \ seismometer Nt
i DC+Damp PTM
o v SL é*é J—r <<_— \—> XT™
Mirror z?ﬁ% Nzt
with Fsc = - SL/Ss: Xstage = 1+C [ Ps] XGND

Cut the seismic noise injection via LVDT
- Sensor correction



Simulation: mirror velocity w/ 90%tile seismic motion

Sensor correction OFF Sensor correction ON

10° IFO fluctuatlon in velomty 107 IFO fluctuatlon in velomty

_____________________________________________________________________________________________________________

DC+Damp

IRequwement -

) HiE
€
& \/\ = NI AT o T N
o - Ay Sl W o’ i aiiaiel Tl 1 [ T
N 107 b NG A
-+ ..%‘ 7o
@ Sensorg [l NG

correctipngs |
-c u

magnitude [m/s/rtHz] or [m/s]

| Mirror, cntrl OFF iR _95 Mirror, cntrl OFF Gl ::'5":':§

| Mirror, cntrl ON | If 2l Mirror, cntrl ON |k ¥

| Requirement | Requirement AL 110 || NESRA E
10710 1 § A N

. Pl R : . N R
10 10t 10° 10* 1072 101 10° 10*
Frequency [Hz] Frequency [Hz]

- Sensor correction will satisfy requirement.
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Simulation: mirror disp. w/ 90%tile seismic motion

Sensor correction OFF Sensor correction ON

M ot ML

+

& Sensor
correction

e |/

Ground
Mirror, cntrl OFF | e

magnitude [m/rtHz]
magnitude [m/rtHz]

(Ground L
| Mirror, cntrl OFF | A A b
Mirror, cntrl ON | Mirror, cntrl ON | N\ |
Requirement Requirement
10 NS R

10! 10° 10* 102 107 100 10
Frequency [HZz] Frequency [Hz]

- - — = — — —
o o o o o

K L K L »'4 © <
[#4] =31 =Y \¥] o [ws] [#)]

= = = = =
o o o o o
- - - - -
o (=] B~ %] o

=
o
]
(=)
M

-
o

™ > Sensor correction ZFAVT, EXRERHIE 3,
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Simulation: mirror motion w/ 90%tile seismic motion
* Required precision of the inter-calibration:

Mirror velocity . error displacement

> 10
10°
—_ C 10”7
N an)
B !
52 E€ 10°®
L E - =
£E— Sw
g E s o
"?E Zaisiizirzrzrizrozsfsrzrizodrizocarzrofrziisciscicdsdizooososoorzrokooorsrrdroroodrsosiizies @ o 10 SiiESiiisiiiisiliisisSiocisioaiciiliicsiisibidsaizizicssisisiifiziiziidiziizaisisiizic
S — w/0 IPscC w/o IPsc (RMS) - = w/0 IPsc w/o IPsc (RMS)
g 0_10 — w/IPsc, gainl == w/IPsc, gain 1 (RMS) ; % 10_10 11— w/ IPsc, gaiﬂ 1 - = w/IPsc, gain 1 (RMS)
1 H — w/IPsc, gain 0.9 == w/IPsc, gain 0.9 (RMS) =) i = w/IPsc, gain 0.9 == w/ IPsc, gain 0.9 (RMS) |i:
1= w/IPsc, gain 0.8 == w/ IPsc, gain 0.8 (RMS) }:: { == w/IPsc, gain 0.8 == w/IPsc, gain 0.8 (RMS)
10712 _ — w/ IPsc, gain 0.7 = = w/ IPsc, gain 0.7 (RMS) || i 1071t Ll = w/IPsc, gain 0.7 = = w/IPsc, gain 0.7 (RMS)
] w/ IPsc, gain 0.6 w/ IPsc, gain 0.6 (RMS) e 3 w/ IPsc, gain 0.6 w/ IPsc, gain 0.6 (RMS) 233
b 1 — w/IPsc, gain 1.4 == w/IPsc, gain 1.4 (RMS) [T - | = w/IPsc, gain 1.4 - = w/IPsc, gain 1.4 (RMS) [.. e
10' : |-2 : : : : T T |-1 H T T T T L 0 10 H I-2 H H H H H . I_l H H H H H HE 0
10 10 10 10 10 10
Frequency [Hz] Frequency [Hz]

- Necessary: seis/LVDT < 40% difference
- Target: seis/LVDT < 10% difference
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Improvement at IP- & TM-stage

S o
3 R e N e i e I R e A e
N EEr S I T A L T S M B
10 i iH 5 L o R NS IS N N B A S N NN S B2 P
107 10" 10° 10 10 10" 10° 10
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1

1
é::? S S A 8 I 5 52 s S 2 2 2 8
10° L —— Ground (w/o IP-SC) |] : — Ground (w/o IP-SC)

\ 'ﬁ/ — Ground (w/1P-SO)_ |1 1 B —  Ground (w/ IP-SC)
- l — IP-stage (w/o IP-SC)|{ | i h toobodobil == TM-stage (w/o IP-SC) 1
l | — |P-stage (w/ IP-SC) ! BN N Ml i TM-stage (w/ IP-SC) |]

. Y o] 1 = 10
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| £ i E
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= 1 c
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[ I o
O 1 U
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o 1 O i A
R N A A I @ ' BRI AR
| 8 10° | B 107 .:[TMstage}:
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1
1
1
1
1
1
1
1
1

@ Frequency [Hz]
- SC worked at 0.15 ~ 0.7Hz. | | > covered by TM oplev noise.
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Mirror angular motion (RMS) in Pitch & Yaw

10_5 = TR T T P Y FEE FETErrs T T P T T L ¥ EEETEPrE PP TT P 31 T ) EYETTRYT PP ETY T T T

..............

& . T 711 w—= Ground L
O Ground (90%-tie)
G I A N R T™ L

Nmmhes miein g e TM P

NG LN BRERES | NI ] — TM Yaw
EER N o UL A TM L (RMS)
% L SO = TM P(RMS)
= TM Yaw(RMS)

"""""""""" [ A e o Sy Ry Bl B R I i B )

...................

[
o
)

------------------------

""""""""""""""""

-------------------------

..................................................

RMS [m] or [rad]

.........

..........................................................................................

....................................................................................................

Displacement [m/rtHz] or [rad/rtHz]

"""""""""""""""""""""""

-----------------------------------------------------------------------------------------------------------------

Frequency [Hz]
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Estimated mirror motion (RMS) in Transverse & Vertical

10 o e s Sy T S s et s . i P

---------------------------

Ground T I PN e Ground V ]
Ground (90%-tile) | = foi] == Ground V (90%-tile) :

1= ) I N A A BF V
IP T (RMS) BF V (RMS)

---------------------------

..................

........................................

...............................................................

______
‘—i"—-;!

-------------------------------------------------------------------------------------------

-----------------------------------

------------------------------------------------------------

Displacement [m/rtHz]
RMS [m]
Displacement [m/rtHz]

..............................

...................

...................................................................

107 10° ) 10° 102 107 10° 10
Frequency [Hz] Frequency [Hz]

(Measured by geophone) (Measured by BF-LVDT)
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By combining (TML/IPL)*(IPL/GNDL)

102 SRR R LE e R e EE S EEEE EEEE R RS R EEEEEEEE EEEEEEEE EECEE A F E0 EEEEEEEEE FEEEE S SR EECE S

g FromGNDto TML

W 8 (measured at ETMX)

magnitude

TR | Is notch real?
(55 S R (12 1| = Not sure.

L ] ¥ | - tilt coupling from Geophone

- Actual mechanical response

| =— IP(dcdamp) + IPsc
1 = IP(dedamp) + IPsc + BF(damp) + BFsc

l — Pdcdamp)

107 710t .
Whichever, the conclusion is same.

Sensor noise

10 10°
Frequency [Hz]
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By combining (TML/IPL)*(IPL/GNDL)*(GNDL_model)

1
10 N

Disp. TF:

RMS [um]

P(dcdamp) D |
IP(dcdamp) + IPsc

Displacement [um/rtHz]

. IP(dcdamp) + IPsc + BF(damp) + BFsc i
5[] == RMS: IP(dcdamp) R
-| = = RMS: IP(dcdamp) + IPsc oy
| - - RMS: IP(dcdamp) + IPsc + BF(damp) + BFsc | i

10 10
Frequency [Hz]
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Control loop for BF-L/T
OLTF for BF-L/T

| Transter tunction |
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TFs when IP loops are closed.
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Comparison: simulation vs. measurement

* Mirror displacement w/ 90%tile seismic motion
w/ IPsc

10°
10°
<« 107
C:
%E 108
S wn
£2 o
£ 10
L)
T
[a]
wn -10
2 10
10-11
10-12

w/0 IPsC

10° ¢

Displacement [m/v Hz ]
RMS [m]

Measurement

Measurement ] —
| — Simulation ; 101 _ = Simulation
1 == Measurement (RMS) |: 1 == Measurement (RMS)
1 == Simulation (RMS) [0 1 -~ Simulation (RMS) [
HIll| H H H H H H E E H H H H H HE 10-12 Il H H H H H
10 10" 10° 10

Frequency [Hz]
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Comparison: simulation vs. measurement

Velocity [m/s/v Hz ]
RMS [m/s]

* Mirror velocity w/ 90%tile seismic motion
w/0 IPsC

Measurement
Simulation :
Measurement (RMS) i:

Simulation (RMS)

10™
Frequency [Hz]

10
10°
— 10~
L—%
> -8
2 g 10
E._.
_.g o
>;' -
o
Q
T
10-11
10-12

w/ IPsc

_______

_______

Measuremen

Simulation

Measurement (RMS)
Simulation (RMS)

10"
Frequency [Hz]
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3. Mirror residual suppression

* Options for further stabilization:

* implement inertial damping system with sensitive inertial sensors.
* For this, subtract tilt-signal from the inertial sensors with
tilt-meter might be necessary.

* locally subtract tilt-signal from seismometer with tilt-meter.

* actuate the ETMs so that the their drifts follow that of ITMs
with interferometer/cavity signal or strain-meter signal.

PhD thesis defense on January 21st 2020, Yoshinori Fujii



Sensor self-noise vs. mechanical response

* w/ 10%tile, 50%tile and 90%tile seismic motion:

10-4 s . e . . J . Ry . J o

......................................................................................

-------------------------------------------------

-------------------------------------

........................

..................................

.......................

......................

--------------

Geophone

-------------

-------------
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Trillium120QA Trirtirriiziiooooioeck
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o
s
=
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1 Suspension (10%-tile) |-----:- .-

10712 4 . RPN U S SO S YRS
1 = Suspension (50%-tile) [-:z::iziiisozeciia i g oo
| = Suspension (90%-tile) | i TN e
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Frequency [Hz]
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FARELR: 2DDHANRYIIYDIP-stagelcELER. Xarm TR3¢
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FARELR: 2DDHANRYIIYDIP-stagelcELER. Xarm TR3¢

- X-arm (FP cavity) OXiResE Tl
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-- SC Worked at 0.15 ~ 0.6Hz. _
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- To be investigated.
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Designing active control system / Control phase

1. Calm-down | 2. Lock-acquisition 3. Observation
phase phase phase

77777777777 777777777777 7777777777777

7

=) T )

_______ 7

.
Suppress Reduce RMS velocity Keep position

large disturbance RMS angle

control
(Root-Mean-Square)

PhD thesis defense on January 21st 2020, Yoshinori Fujii



Type-A suspension
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A > iR A DPGiRZ=IE

INVERTED PENDULUM
(~ 70 mHz)

(GEOMETRIC-ANTI SPRING
(~ 0.4 Hz)
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x4>ﬁﬁmwuﬁ;ﬁgﬁ |

FO In

INVERTED PENDULUM

with 3 horizontal
-- LVDT & actuator units
-- Inertial sensors

W GEOMETRIC-ANTI SPRING
| with 1 vertical
i|LVDT & actuator unit




A1 VB RO IREE (AT DI —T OB HDEERIFE)

% BotTom-FiLTER DAMPER

‘s with 3 horizontal & 3 vertical LVDT & actuator units
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And, the cryogenic part

13.9 M

Inside cryostat

Outer shield (80 K)

Inner shield (8 K)

Heat inks

Heat-link

VIS \

JGW-P1809347/
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Requirements, Type-A suspensions by YF

Table 5.2: Requirements on the Type-A suspension control. The column labeled
as ref. describes the section which explains the reason of the requirements.

[tems Requirements ref.
The calm-down phase

1/e decay time < 1 min. § 5.1.2
RMS displacement (transverse, vertical) | < 0.1 mm § 5.1.6
The lock acquisition phase

RMS velocity (longitudinal) < 2.0 pm /sec. § 5.1.3
RMS angle (pitch, yaw) = 880 nrad § 5.1.4
RMS displacement (longitudinal) < (.39 pmn § 5.1.5
RMS displacement (transverse, vertical) | < 0.1 mm § 5.1.6

The observation phase

Control noise at 10 Hz (longitudinal)
RMS displacement (longitudinal)

RMS displacement (transverse, vertical)
RMS angle (pitch, yaw)

DC angle drift (pitch, yaw)

< 80 x 107 111;"\/1-13
< 0.39 pm

< 0.1 mm

< 200 nrad

< 400 nrad
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Requirements, Type-A suspensions by KO

Calm-down phase

Item Requirement For/Determined by

1/e modal decay time < 1 min Quick recovery

BEMS displacement (L) < 50 pm Smooth transition to next phase
RMS displacement (T, V) < (.1 mm Miscentering

RMS angle (P, Y) < 5 pm Smooth transition to next phase

Lock acquisition phase

Item Requirement For/Determined by

RMS velocity (L) < 240 pm /s Awxaliary laser locking

RMS displacement (T, V) < (.1 mm Miscentering

EMS angle (P, Y) < 880 nrad Optical gain degradation < 5%

Observation phase

Item Requirement For/Determined by

Displacement noise (L) @ 10 Hz < 8 x 1072 m/Hz"? Sensitivity
Displacement noise (V) @ 10 Hz < 8 x 107" m/Hz"? Sensitivity (1% coupling to L)

RMS displacement (T, V) < (.1 mm Miscentering
REMS angle (P, Y) = 200 nrad Beam spot fAuctuation < 1 mm
DC drift (P, Y) < 400 nrad /h Sustainable lock for 1 day left

(P, Y) are set as 50 pm and 50 prad, respectively [2%]. The RMS displacement for the other

translational DoFs (T, V) are required for another reason which is mentioned shortly later.

[ref] K. Okutomi PhD
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Mechanical installation has done! HOWEVER ..
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to a simulation, assuming 1% coupling,
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u10_15 | . Lo
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------------------------------------------------------

houl
\(s ould be) /

Default
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ETMX case
ETMY case

Note:
-- Modeled w/o Heat-links

102 10T

BT LA Y ST -- params are not tuned.

Frequency [Hz]
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#1 #2 #3 #4 #5 #6 #7 #8
0.019Hz wem| 0.051Hz mO..067 Hz 0.067 HZ 0077Hz wewl 0.0SSHz wewl| 0.12Hz wew| 0.122Hz  wes Type_A SAS’

tﬁl Iﬂl T T Iﬂl ;ﬂ; lﬂx !ﬂl “TyrpeA180429_20K’

Eigen mode: 75 modes

I
0
|
|
|
;
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#9 #10 #11 #12 #13 #14 #15 #16

0.122Hz o] O-148HZ Mol ) L we  0203Hz wem| 0.203Hz wew 0-28HZ  Me| 0.355Hz Mew (0.363Hz  Mew

THTTETTR

oy Fiiny AT T foin fonny Foian Y
\ F Fiion Y AT, fony A
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#17 #18 #19 #20 #21 #22 #23 #24

0.363Hz s O0-413HZ  Men 4 453, el 0.483Hz  wem 0.44Hz  wem| 0.44Hz el 0.616Hz  wews] 0.618Hz e

i A

am mm i am -
= T - an aon am
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#25 #26 #27 #28 #29 #30 #31  #32

0.694Hz  more] 0.694Hz wmore| 0.701HZ  Men (0 787Hz  merel 0.799Hz morel 0.799Hz o 0.817Hz  ma 0.745Hz  meon

i O s
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#33 #34 #35 #36 #37 #38 #39 #40

0.746Hz  mor 0.851Hz won 0.972Hz Mo 0.974Hz more 1.061Hz  More 1.061Hz Mo 1.171Hz Mo 1.185Hz  ™aor

=l
ij;: T ]
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#41 #42 #43 #44 #45 #46 #47  #48

1.321Hz  wer| 1.321Hz woml 1421Hz o] 1.425Hz el 1.635Hz el 1.638Hz w 1.723HZ  Mom| 2.125Hz  mor

TETTIOT
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#49 #50 #51 #52 #53 #54 #55  #56

2.129Hz  wore| 2.196Hz  wor| 2.516Hz Mew| 2.516HZ Mem 3 0a3Hz el o0 2 MRl L ooHr el 6.1Hz e

i I

PhD thesis defense on January 21st 2020, Yoshinori Fujii



#57 #58 #59 #60 #61 #62 #63 #64

15.92Hz Mare 20.17Hz Mora

6.19Hz o] 6.646Hz e 2-771HZ Mo ) 21.923Hz  mo| 23.685Hz  more| 26.265Hz
Foiny Fin

Foiany Y Fan Y ¥ ¥ ¥y
¥y ¥y

iy Foinn Y F i Fomy AT AT
Foinoy Friiny

Fiany A, iy Py Fiiniy Fiin

PhD thesis defense on January 21st 2020, Yoshinori Fujii



#65 #66 #67 #68 #69 #70 #71  #72

44 453Hz

26.265Hz  morel 33.204Hz  morel 34.41SHz  morel 41.10SHz  More ' 49.942Hz werl 5S4.672Hz  were 57.266Hz ™
am am am am - - p— -
T T am iy = am . .
- A am s = - A -

PhD thesis defense on January 21st 2020, Yoshinori Fujii



#73 #74 #75

150.563Hz  mere| 151.723Hz 183.437Hz
Fiany AT f iy
= = LT
Fiiini Fiiin Y AT

PhD thesis defense on January 21st 2020, Yoshinori Fujii



